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Abstract
To improve gene expression efficiency and thereby utilize chloroplast genetic
engineering to modify important traits of Eucalyptus grandis, this study em-
ployed the chloroplast genome sequence of Eucalyptus grandis as material, se-
lecting 43 non-redundant genes longer than 300 nt with AUG as the start codon
as research subjects, and analyzed codon usage bias in the Eucalyptus grandis
chloroplast genome using CodonW 1.4.2 software. The analysis revealed: the
average GC content at the third codon position was 27.97%; ENC ranged from
39.49 to 61.00, averaging 47.04; there were 31 codons with RSCU > 1, of which
29 ended with A/U; neutrality analysis showed no significant correlation be-
tween GC12 and GC3, and regression analysis also failed to reach significance;
ENC-plot analysis revealed that most genes fell on or near the curve; corre-
spondence analysis indicated that the first axis contributed 17.68%, the second
axis 11.49%, the third and fourth axes 8.00% and 5.76%, respectively, with
a cumulative contribution of 42.93% for the first four axes, and the first axis
was extremely significantly correlated with GC, ENC, and CAI. These results
demonstrate that codon bias in the Eucalyptus grandis chloroplast genome is
weak, with the third codon position preferentially ending with A or U; selection
and mutation play relatively balanced roles in shaping codon bias in the Eucalyp-
tus grandis chloroplast genome; ultimately, 12 high-frequency, high-expression
codons—UUG, CUU, GUU, UCC, UCA, ACA, UAU, UAA, CAU, AAU, AGA,
and GGA—were identified as optimal codons. This study lays a solid founda-
tion for optimizing chloroplast gene codons to enhance expression efficiency and
modify target traits in Eucalyptus grandis.
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Abstract

To enhance gene expression efficiency for chloroplast genetic engineering aimed
at improving important traits in Eucalyptus grandis, this study analyzed codon
usage bias in the chloroplast genome of E. grandis. Using the chloroplast genome
sequence as source material, we selected 43 non-redundant genes longer than 300
nt that initiate with AUG as study objects and employed CodonW 1.4.2 soft-
ware to analyze codon usage preferences. The results revealed that the average
GC content at the third codon position was 27.97%. The effective number of
codons (ENC) ranged from 39.49 to 61.00, with a mean of 47.04. Among the 31
codons with RSCU values greater than 1, 29 ended with A or U. Neutrality plot
analysis showed no significant correlation between GC12 and GC3, and regres-
sion analysis also failed to reach significance. ENC-plot analysis demonstrated
that most genes fell on or near the standard curve. Correspondence analysis
indicated that the first axis contributed 17.68% of the variation, the second
axis 11.49%, and the third and fourth axes 8.00% and 5.76%, respectively, with
the first four axes cumulatively accounting for 42.93% of the total variation.
The first axis showed highly significant correlations with GC, ENC, and CAI.
These findings indicate that codon bias in the E. grandis chloroplast genome
is relatively weak, with a preference for A or U at the third codon position.
Both selection and mutation appear to play relatively balanced roles in shaping
codon preferences. Ultimately, twelve high-frequency, high-expression codons
were identified as optimal: UUG, CUU, GUU, UCC, UCA, ACA, UAU, UAA,
CAU, AAU, AGA, and GGA. This research establishes a solid foundation for
optimizing codons in transgenes to improve expression efficiency and enhance
target traits through chloroplast genetic engineering in E. grandis.
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Introduction

Eucalyptus grandis, a perennial woody species in the Myrtaceae family, is native
to Australia. Due to its rapid growth, straight trunk form, and tall stature, it
has been introduced and widely cultivated worldwide, becoming an important
exotic species in many countries [1]. Building upon introduction and domes-
tication efforts, researchers have conducted extensive studies on variation in
different traits among provenances, families, and individual trees. These inves-
tigations have revealed that E. grandis exhibits insufficient cold resistance [12],
is susceptible to gall wasp (Leptocybe invasa) infection [24], and shows substan-
tial variation in growth and stem form characteristics among different genetic
resources [19, 23].

Genetic engineering offers significant advantages over traditional breeding, in-
cluding stronger targeting, shorter cycles, and higher efficiency [15]. Chloroplast
genetic engineering, in particular, enables high-level transgene expression while
effectively controlling transgene dispersal, making it an ideal transformation
approach [2]. Codon usage, often termed the “second genetic code” [13, 3],
influences not only gene expression levels [26] but also corresponding protein
functions [4]. Substantial differences in chloroplast genome codon preferences
exist among different species [25, 11, 16, 17]. This study aims to characterize
codon usage bias in the E. grandis chloroplast genome and identify its optimal
codons, thereby laying the groundwork for chloroplast genetic engineering and
genetic improvement of this important timber species.

1. Materials and Methods

1.1 Sequence Data The chloroplast genome of Eucalyptus grandis was re-
trieved from the NCBI organelle genome database (https://www.ncbi.nlm.nih.gov/nuccore/NC_014570.1)
by searching for the Latin name Eucalyptus grandis. The complete genome
sequence in FASTA format and coding sequences (CDS) were downloaded.
The E. grandis chloroplast genome spans 160,137 bp and contains 75 genes.
To minimize analytical errors, we selected 43 non-redundant sequences longer
than 300 nt that initiate with AUG for codon bias analysis.

1.2 Data Analysis

1.2.1 Calculation of Codon Bias Parameters The coding sequences of the
43 selected non-redundant genes were analyzed using CodonW 1.4.2 software to
calculate codon usage parameters: relative synonymous codon usage (RSCU),
effective number of codons (ENC) with a theoretical minimum of 20 (indicating
only one codon per amino acid) and maximum of 61 (indicating equal usage of
all codons), codon adaptation index (CAI, ranging from 0 to 1 with higher values
indicating stronger bias), codon bias index (CBI), frequency of optimal codons
(FOP), protein hydrophobicity (Gravy), and GC content at different positions
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including GC1, GC2, GC3, GC3S, GC12, and overall GC content (representing
GC content at the first, second, and third codon positions, synonymous third
position, average of first and second positions, and total codon GC content,
respectively).

1.2.2 Neutrality Plot Analysis To preliminarily identify factors influencing
codon bias, neutrality plot analysis was performed by calculating the average of
GC1 and GC2 (GC12) for the y-axis and plotting against GC3 on the x-axis.
Genes positioned on the diagonal line indicate mutational effects, while those
deviating from the diagonal suggest selection pressure, thereby revealing the
primary forces shaping codon usage preferences.

1.2.3 ENC-plot Analysis To further elucidate codon bias determinants,
ENC-plot analysis was conducted with ENC on the y-axis and GC3S on the
x-axis. Genes were plotted as scatter points, and the standard curve was added
according to Wright’s equation [18]:

𝐸𝑁𝐶 = 2 + 𝐺𝐶3𝑆 + 29
𝐺𝐶3𝑆2 + (1 − 𝐺𝐶3𝑆)2

The ENC ratio was calculated as:

ENC ratio = 𝐸𝑁𝐶observed − 𝐸𝑁𝐶expected
𝐸𝑁𝐶expected

Based on the distribution of scatter points and ENC ratios, deviation from
the standard curve indicates selection pressure, while alignment with the curve
suggests mutational effects, allowing inference of the likely causes of codon bias.

1.2.4 Correspondence Analysis Correspondence analysis employs appro-
priate scaling methods to combine variable and sample analysis, simultaneously
revealing relationships between samples and variables on the same factor plane.
We applied this method using CodonW software to analyze codon usage patterns
in the E. grandis chloroplast genome and uncover underlying usage principles.

1.2.5 Determination of Optimal Codons To identify optimal codons, all
test genes were ranked by ENC values. The top and bottom 10% of genes
were selected to construct high-expression and low-expression gene libraries,
respectively. Codons with ΔRSCU (difference in RSCU between high- and
low-expression libraries) greater than 0.08 and RSCU values exceeding 1 were
designated as optimal codons [9, 21, 22, 16].
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2. Results and Analysis

2.1 Codon Composition Analysis To accurately analyze codon bias, we
selected 43 non-redundant genes from the E. grandis chloroplast genome that
initiate with AUG and have coding sequences longer than 300 nt. CodonW
software was used to calculate relevant parameters for these genes. The results
(Table 1) revealed variation in GC content across codon positions: GC1 ranged
from 34.20% to 58.90% (mean 47.40%), GC2 from 27.90% to 58.70% (mean
39.47%), and GC3 from 20.20% to 37.00% (mean 27.97%). Notably, GC content
at the first and second positions was substantially higher than at the third
position. ENC values ranged from 39.49 to 61.00 with an average of 47.04. CAI
varied between 0.082 and 0.301 (mean 0.1714), CBI from -0.222 to 0.196 (mean
-0.092), and FOP from 0.263 to 0.532 (mean 0.356). Protein hydrophobicity
(Gravy) ranged from -0.704 to 1.102 with a mean of 0.017.

Correlation analysis of codon parameters (Table 2) showed significant positive
correlation between GC1 and GC2 (𝑟 = 0.363). However, neither GC1 nor GC2
correlated significantly with GC3. Overall GC content correlated highly signifi-
cantly with GC1 and GC2 but not with GC3. ENC showed no correlation with
GC1, significant negative correlation with GC2, and highly significant positive
correlation with GC3 (𝑟 = 0.521). Both GC1 and overall GC correlated highly
significantly with CAI, CBI, and FOP, while GC3 showed significant correlation
with these indices. Gravy did not correlate significantly with any other codon
parameters. Codon number (𝑁) correlated highly significantly with GC3 but
not with ENC, CAI, or other parameters.

RSCU analysis (Table 3) identified 31 codons with RSCU values exceeding 1.00.
Among these, 16 codons ended with U, 13 ended with A, and only one each ended
with G or C. Codons ending with A or U accounted for 93.54% of all biased
codons.

2.2 Neutrality Plot Analysis Neutrality plot analysis of E. grandis chloro-
plast genes revealed that GC12 ranged from 33.65% to 55.45%, while GC3
ranged from 20.20% to 37.00%. The correlation between GC12 and GC3 was
not statistically significant, indicating weak association between these parame-
ters and differential mutational effects on base composition across codon posi-
tions. If codon usage were determined solely by random mutation, genes would
distribute along the diagonal line. However, Figure 1 shows that most genes clus-
tered above the diagonal, with GC12 consistently higher than GC3, suggesting
that selection plays a predominant role in shaping codon bias.

2.3 ENC-plot Analysis ENC-plot analysis positioned all test genes in a co-
ordinate system with ENC on the y-axis and GC3S on the x-axis, incorporating
the standard curve according to equation (1). The results (Figure 2) showed that
while a small subset of genes deviated from the standard curve, most located
near it. To quantify these deviations, we calculated theoretical ENC values
using equation (1) and derived ENC ratios using equation (2). Frequency dis-

chinarxiv.org/items/chinaxiv-201902.00006 Machine Translation

https://chinarxiv.org/items/chinaxiv-201902.00006


tribution analysis of ENC ratios (Table 4) revealed that 51.16% of genes fell
within the -0.05 to 0.05 range, 34.88% within 0.05 to 0.15, 9.30% within -0.15
to -0.05, and the remaining 2.33% within -0.25 to -0.15 or 0.15 to 0.25. These
results indicate that mutation plays an important role in shaping codon bias in
the E. grandis chloroplast genome.

2.4 Correspondence Analysis Correspondence analysis revealed that the
first axis accounted for 17.68% of the variation, the second axis 11.49%, and
the third and fourth axes 8.00% and 5.76%, respectively. The cumulative con-
tribution of the first four axes reached 42.93%. Since both the first and second
axes contributed over 10% each, they represent major factors influencing codon
bias. The first axis correlated highly significantly and positively with GC, CAI,
CBI, and Fop (𝑟 = 0.573, 0.670, 0.578, and 0.523, respectively) and highly sig-
nificantly negatively with ENC (𝑟 = −0.395). Although the first axis did not
correlate significantly with GC3S, it showed highly significant correlations with
A and G content at synonymous third positions (𝑟 = −0.440 and −0.606, re-
spectively). To visualize codon preferences, we constructed a planar coordinate
system with the first axis as x and the second axis as y, plotting genes accord-
ing to their functional categories (Figure 3). Ribosomal protein genes clustered
relatively tightly, while other genes distributed more dispersedly, indicating sim-
ilar codon preferences among ribosomal protein genes but distinct preferences
compared to other gene categories.

2.5 Determination of Optimal Codons Using ENC values as the criterion,
we ranked all test genes and selected the top and bottom 10% (four genes each)
to construct high- and low-expression gene libraries. RSCU values were recal-
culated for each library, and ΔRSCU values were derived (Table 5). Applying
the ΔRSCU > 0.08 criterion identified 31 high-expression codons (marked with
* in Table 5), including 12 ending with G, 8 with C, 6 with A, and 5 with U.

By comparing high-frequency codons from Table 3 with high-expression codons
from Table 5, we identified shared codons as optimal. Twelve optimal codons
were determined for the E. grandis chloroplast genome: UUG, CUU, GUU,
UCC, UCA, ACA, UAU, UAA, CAU, AAU, AGA, and GGA. Ten of these end
with U or A, while two end with G or C.

Discussion

The genetic code defines the correspondence between nucleotide sequences and
amino acid sequences. Among the 20 proteinogenic amino acids, methionine
(Met) and tryptophan (Trp) are each encoded by a single codon, while the re-
maining 18 amino acids are encoded by 2–6 synonymous codons each—a prop-
erty known as codon degeneracy [27]. Synonymous codons primarily differ at
the third position. In this study, GC3 showed no significant correlation with
GC1 or GC2 in the E. grandis chloroplast genome and was substantially lower
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than both, indicating a preference for A- and U-ending codons. RSCU analy-
sis quantitatively confirmed this pattern, consistent with reported features of
chloroplast genomes in Scutellaria baicalensis [17], Camellia oleifera [16], and
Medicago truncatula [22].

Codon usage bias refers to the phenomenon where organisms preferentially use
specific synonymous codons during protein synthesis [20]. The average ENC
value of 47.04 for the E. grandis chloroplast genome exceeds the threshold of 35,
where values below 35 indicate strong bias and values above 35 indicate weak
bias [8]. Therefore, the E. grandis chloroplast genome exhibits weak codon bias,
a conclusion supported by CAI analysis.

Codon bias is influenced by multiple factors including base composition, selec-
tion pressure, tRNA abundance, gene length, and protein hydrophobicity [10].
In this study, codon number did not correlate significantly with ENC or CAI,
suggesting gene length has minimal effect on codon bias in the E. grandis chloro-
plast genome. Similarly, protein hydrophobicity showed no significant influence.
However, the highly significant correlations between the first axis and A/G con-
tent at synonymous third positions and overall GC content indicate that base
composition differences affect codon preferences. The highly significant corre-
lations of CAI, CBI, and FOP with the first axis suggest that genes selectively
use codons corresponding to abundant tRNAs, leading to high expression levels
[5, 6, 7], confirming that selection is an important factor. Since the correlation
coefficients of A/G content and GC content with the first axis are comparable
to those of CAI, CBI, and FOP, mutation and natural selection appear to play
roughly equivalent roles. While neutrality plot analysis suggests selection is
the relatively dominant factor, ENC-plot analysis indicates mutation also con-
tributes substantially. We therefore conclude that mutation and selection likely
play relatively balanced roles in shaping codon bias in the E. grandis chloroplast
genome.

This study identified twelve optimal codons based on high frequency and high
expression: UUG, CUU, GUU, UCC, UCA, ACA, UAU, UAA, CAU, AAU,
AGA, and GGA. The determination of these optimal codons provides a solid
foundation for optimizing transgene codons to enhance expression efficiency and
improve important traits through chloroplast genetic engineering in Eucalyptus
grandis.
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